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ABSTRACT
Transesterification of Triolein by Solid Catalysts
BY
Robert Coggon 
University of New Hampshire, September 2006
In this thesis, biodiesel was produced by the transesterification of triolein. 
Initially a method utilizing gas chromatography was developed to monitor the 
Novozym 435 catalyzed transesterification. After the procedure was established, 
experiments were conducted to determine the effect and existence of interactions 
between reaction parameters including catalyst mass, agitation speed, methanol 
to triolein ratio, and temperature on yield. A split plot design showed that all 
single parameters were significant except methanol to triolein ratio. Several two 
way interactions were found including temperature over ratio, temperature over 
catalyst mass, and extent of agitation over catalyst mass. The extent of agitation 
over catalyst mass interaction proved to be the most significant of all the two way 
interactions experimentally and this interaction could be verified visually. A three 
way interaction is also present among agitation speed, methanol to triolein ratio, 
and the catalyst mass.
x
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Based on the results of the split plot design and experiment results of 
Sanchez further experiments were carried out using the optimal reaction 
conditions and Novozym 435 catalyst [1]. The effect of various paraffinic 
solvents on product yield was investigated. There is no significant difference 
between organic solvents but hexane proved to give the best yields over a 6 hour 
time period. The use of methyl acetate as a solvent and acyl acceptor proved to 
be successful although the initial rate of product formation was smaller than that 
in hexane. Methanolysis of triolein was also carried out in the absence of a 
solvent. Ultrasonic and mechanical agitation were considered. The final yields 
were higher than those in organic solvents, with mechanical agitation proving to 
be better. It is surmised that as methyl oleate is formed, it acts as a co-solvent 
and eliminates the oil-alcohol interface, thereby enhancing the kinetics of the 
reaction. Ethanolysis of triolein was also investigated in hexane and in the 
absence of a solvent. Again ultrasonic and mechanical agitation were 
considered. The results were similar to solvent-free methanolysis of triolein, and 
the final yields were higher in the absence of a solvent.
Feasibility studies were conducted to determine the activity of an 
amorphous carbon catalyst for biodiesel production. Experiments were 
conducted to determine if the catalyst is effective in catalyzing esterification and 
transesterification reactions. The activity of the catalyst with respect to 
transesterification is very limited. The catalyst is much more effective in 
catalyzing esterification reactions.
xi
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CHAPTER 1
INTRODUCTION
In today’s world, energy is a very important part of society and industry. 
A majority of the energy comes from petroleum. Because of depleting reserves 
and concerns about the environment, other alternatives are being considered. 
The demand for oil can be seen by recent world events. One of the viable 
energy sources used for transportation is biodiesel. Biodiesel has properties 
similar to conventional diesel fuel. An example of this is the cetane number of 
the fuel. It is a measure of the ignition quality of the fuel [2]. The cetane number 
of number 2 diesel fuel is 47 while that of biodiesel ranges from 46 to 63, 
depending on the oil source. Biodiesel can be used in conventional diesel 
engines without major modifications. Raw plant oils can be used but they require 
modifications due to their high viscosity. Biodiesel is converted plant oil that 
overcomes this problem.
Biodiesel offers several advantages to regular diesel. It can help to 
reduce dependence on foreign oil supplies. It is derived from oils produced in 
plants and other renewable feed stocks. Several studies performed show that 
biodiesel can be produced from a number of different plant oils. Animal fats can 
also be used as a source of biodiesel.
1
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Because of this, it is a renewable source of energy. The production of biodiesel 
is considered one of the easiest methods by which a renewable energy source 
can be incorporated into the market. Since biodiesel is produced from plant 
matter, the cost of the raw materials is relatively inexpensive. The cost of 
biodiesel in 2002 ranged from $1.39 to $2.52 depending on the oil source. The 
United States government also offers tax incentives for alternative fuel use. For 
each percentage of blend of biodiesel that is used, the tax rate is reduced by the 
equivalent amount in cents per gallon [3]. The government has established 
programs to increase production of biodiesel and ethanol for fuel usage.
Biodiesel offers a fuel source that is more environmentally friendly.
Since it is derived from plant materials, it offers a route to utilize carbon dioxide 
that is produced in the combustion process. Because of this biodiesel could be a 
method of increasing the flow through the carbon cycle. This is especially true if 
ethanol is used as a reactant to make biodiesel, because both reactants are 
derived from plant sources. It has also been shown that biodiesel offers lower 
emissions of greenhouse gases compared to petroleum diesel. The use of 
biodiesel results in lower carbon monoxide and hydrocarbon emissions [4]. The 
amount of particulate matter produced by biodiesel is also considerably less. For 
a 20 percent blend of biodiesel with petroleum diesel, particulate matter is 
reduced by 10.1 percent, hydrocarbons by 21.1 percent, and carbon monoxide 
by 11 percent [2]. One negative aspect of biodiesel use is increased NOx 
emissions over regular diesel fuel but it is biodegradable and safer to transport 
than petroleum based diesel fuel. The flash point of biodiesel is 150°C compared
2
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to 64°C for petroleum making it safer to handle. The use of biodiesel in Europe 
could have an even greater environmental impact since nearly 40 percent of the 
vehicles have diesel engines.
There are several plant oil sources that can be used to produce biodiesel. 
Biodiesel is already produced around the world on a large scale. The majority of 
biodiesel produced in the United States comes from soybean oil. The production 
of biodiesel is growing at an astonishing rate. Currently there are 45 active 
plants in the United States and the National Biodiesel Board expects production 
to triple this year [5]. World wide, there are over 85 plants producing biodiesel
W -
There are a number of different chemical processes that are used to 
produce biodiesel. Transesterification and esterification reactions are the 
primary routes of production. The methods differ in the catalyst and oil source 
used. The catalyst used in industrial biodiesel production is either an acid or 
base. New methods are being developed that utilize enzymes as the catalyst 
rather than an acid or base. Using enzymes as a catalyst offers some 
advantages over the use of conventional methods. Acids and bases are highly 
corrosive and lead to safety issues. Enzymes are safe to handle since they 
occur naturally. They can also be reused easily if they are supported on a solid 
medium. The overall transesterification reaction is the same and is independent 
of the type of catalyst. It is given by
3
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Triglyceride + 3Acyl Acceptor <-> Glycerol + 3Biodiesel
(1)
The transesterification reaction is reversible and in this case the 
triglyceride of interest is triolein. The acyl acceptor is usually methanol although 
other short chain alcohols can also be used. Since triglycerides are highly non­
polar and alcohols are polar, an organic solvent or co-solvent is usually used to 
make the reaction to occur in a single phase. The result is a mixture of catalyst, 
water, mono and diglycerides, and biodiesel. The biodiesel must then be 
separated and purified by means of a number of steps.
Previous work on this project focused on the transesterification of olive oil 
using Novozym 435 as the catalyst [1]. Parametric studies were performed to 
investigate the effect of reaction parameters such as the mass of catalyst, 
temperature, agitation speed, and the methanol to triolein ratio. Other 
experiments were carried out to determine the magnitude of catalyst deactivation 
and feasibility of a large scale production scheme. The work presented in this 
thesis focuses on the transesterification of triolein under different reaction 
conditions using Novozym 435 as the catalyst. A split plot design was employed 
to determine if interactions among the reaction parameters existed. Previous 
work changed a single factor at a time making it impossible to determine the 
existence of interactions. This work also focuses on the solvent conditions such 
as the use of various paraffinic solvents or the absence of a solvent. Feasibility
4
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studies were conducted to determine if methyl acetate and ethanol were suitable 
acyl acceptors and the effect of solvent conditions using these acyl acceptors 
was determined. Another catalyst consisting of amorphous sulfonated carbon 
was investigated. Feasibility studies were conducted to determine if the catalyst 
was an effective catalyst for biodiesel production via transesterification and 
esterification.
The work presented in the thesis is separated into various sections. 
Chapter 2 discusses literature in connection to biodiesel production. Chapter 3 
presents the methods and materials used through out the experiments. Chapter 
4 discusses the results from the work. Chapter 5 draws conclusions from the 
results and gives recommendations for future work.
5




When Rudolph Diesel created the first diesel engine, it ran on peanut oil. 
The choice to use petroleum diesel fuel was due to its high availability and low 
cost at the time. Raw plant oils are still used today but they have several 
disadvantages. Due to the high viscosity and low vaporization characteristics, 
they result in problems such as the build up of carbon and unburnt fuel on fuel 
injectors due to incomplete combustion. They can also result in lubricating 
problems or contamination and thickening of the lubricating oil [6]. Some 
possible solutions include dilution, micro-emulsification, pyrolysis, and 
transesterification. Dilution and micro-emulsification reduce the viscosity of the 
oil but they still pose other problems such as carbon deposits and injector coking 
[2]-
One of the more promising solutions to the problem of raw vegetable oils 
is the use of the products from transesterified plant oils. The product of interest 
in the reaction is the fatty acid ethyl or methyl ester. The fatty acid can vary in 
structure but most often contains an even number of carbon molecules. The 
most common ester is the methyl ester of a fatty acid (FAME). The advantage
6
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of using monoaikyl ester of a fatty acid is a much lower viscosity and increased 
volatility over its parent trigylceride. The viscosity of biodiesel is slightly greater 
than that of number 2 diesel fuel. The generic transesterification reaction is 
shown in Equation 2.1.
CH2 - OOC - R, R, - COO -  R4 CH2 - OH
| Catalyst |
c h - o o c - r2 + 3r4- o h  ......  *  r2- c o o - r4 + c h - o h
i i
ch2 - OOC -  r 3 r3 - coo -  r 4 CH2 - OH
Triglyceride Alcohol Monoalkyl esters Glycerol
(2.1)
A number of different alcohols, catalysts, solvents, and triglycerides can 
be used. The alcohol is also referred to as the acyl acceptor in the reaction. The 
reaction requires a catalyst of some sort. There are a number of different 
catalysts available. The reaction requires a 3:1 stoichiometric ratio of alcohol to 
the triglyceride. Excess alcohol is often used. The overall reaction is reversible 
and consists of three consecutive reactions. The basic mechanism for the 
reaction is shown in Equation 2.2
Triglyceride + Alcohol Diglyceride + Monoalkyl ester 
Diglyceride + Alcohol <-» Monoglyceride + Monoalkyl ester (2.2)
Monoglyceride + Alcohol <-> Glycerol + Monoalkyl ester 
Intermediates in the overall reaction are the monoglyceride and 
diglyceride [7]. Glycerol is considered a by-product in the reaction and leads to
7
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problems with separation. Most often it is separated from the bulk by settling or 
centrifugation. Crude glycerin has little value but if it is purified, there are a 
number of different markets. It can be used in areas such as feed for animals, 
cosmetics, surfactants, lubricants, and pharmaceuticals [7].
In addition to the primary transesterification reaction biodiesel can be 
produced through esterification. Rather than reacting with a triglyceride, the 
alcohol reacts with a free fatty acid in the oil source. The general reaction is 
shown in Equation 2.3
RrCOOH + R2-OH <-> R2-COO-Ri + H20  (2.3)
2.2 Sources of Triglycerides
A wide range of triglyceride sources can be transesterified to yield 
monoalkyl esters of fatty acids. The source depends on location usually. Most 
often plant oils are used as the source. The specific type of fatty acid ester 
depends on the triglyceride. Animal fats and oils can be used as a source of 
triglycerides. Japan is one example where animal fats are the primary source of 
biodiesel [8]. One problem with the use of animal fats is the high free fatty acid 
(FFA) content. In the base catalyzed reaction free fatty acids can be converted 
to soap, which results in a number of problems.
The fatty acid ester product depends on the plant oil as the compositions 
of plant oils vary widely. One problem with biodiesel production is the
8
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competition between the biodiesel and food markets. An example of this is in the 
United States, where 97 percent of the soy produced is for food use, so the two 
markets would have to compete more with increased biodiesel production. 
Countries with excess animal fat and non-edible plant oil sources would benefit 
greatly from biodiesel production. One important consideration is the amount of 
plant material required for biodiesel production. The world production of plant oil 
and animal fat is not currently large enough to replace petroleum diesel fuel.
Promising oil bearing plants for biodiesel production include sunflower, 
safflower, soybean, cottonseed, rapeseed, and peanuts. Some of the more 
common oils used are soy, canola, and rapeseed. Soy accounts for 
approximately 32% of the world’s seed production. Soy is the primary plant oil 
source used in the United States. In the United States, inedible tallow and 
animal fats are the second largest sources of fats. Rapeseed is the most 
common oil source in Europe. Palm, rapeseed, and sunflower seeds are the 
other major contributors to the world’s seed market. Olive oil accounts for 
approximately 3% of the world’s seed production. A non-edible plant that is a 
viable source of biodiesel is the jatropha plant. This plant contains phorbol 
esters that are toxic making it unusable for cooking [9]. The seed kernel contains 
40-60 percent oil by weight. This plant has a lifespan of 30 to 50 years and 
grows in arid land.
9
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2.3 Catalyst
2.3.1 Base Catalysts
The transesterification reaction can be catalyzed by a number of different 
catalysts, both homogenous and heterogeneous. The common type employed 
industrially is a homogeneous catalyst, which is usually a base catalyst. The use 
of a base catalyst is the method that is employed in all biodiesel plants. This is 
due to the low cost of the catalyst. The base catalyzed reaction works with many 
plant oils and short chain alcohols. Conversions greater than 98% at 
atmospheric pressure and 66°C can be obtained. The reaction time is frequently 
short and on the order of about 30 minutes [2]. The base catalyzed reaction 
consists of a three step mechanism. Most often sodium hydroxide, potassium 
hydroxide, or alkaline metal alkoxides are used as the catalyst. The base 
catalyzed reaction is highly dependent on mixing and heating of the reactants. 
The concentration of base catalyst used is about 1 weight percent of the raw oil 
to be used. This also depends on the properties of the oil. Some properties to 
be taken into consideration are the acid value (TAN) and the free fatty acid 
content (FFA). If the oil has a free fatty acid content greater than 0.5 weight 
percent then the base catalyst used should be anhydrous and more of it is 
required [8]. The reaction scheme shown below is likely to occur when oil with a 
high water or free fatty acid content is used [10].
10
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RCOOR’ + H20  RCOOH +R’OH 
RCOOH + NaOH RCOONa + H20 (2-4)
In addition to water present with the catalyst or oil, it can also be produced 
from the reaction of the hydroxide with the alcohol. The presence of water and 
high base concentrations will lead to the hydrolysis of the ester, which causes 
soap formation. As soap is formed, the water molecule is released allowing the 
cycle to continue. This consumes the catalyst and forms a gel leading to 
problems in separating the biodiesel product from glycerol. This is a problem 
from an economical standpoint because the cheapest raw materials such as 
used cooking oil and animal fats have high free fatty acid content. Production 
costs are lowest for trap grease and yellow grease since they are waste oils. 
Because of problems with separation, plants using a base catalyst usually have a 
high capital cost.
Some of the more promising base catalysts are basic methoxides. These 
catalysts do not have the hydroxide necessary for soap formation. The 
hydroxide is present only as an impurity. Sodium and potassium methoxides are 
some examples of this type of catalyst. One disadvantage is their higher cost as 
compared to conventional basic catalysts. The activity of the methoxide catalysts 
decreases when they are exposed to air or moisture.
11
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2.3.2 Acid Catalysts
When an oil source has a high acid value or high free fatty acid content, 
the more common approach is the use of an acid catalyst. Usually oil sources 
with a free fatty acid content greater than 0.5 weight percent constitutes the use 
of an acid catalyst. Acid catalysts have the ability to catalyze both the 
transesterification and esterification reactions. The most common acid catalysts 
are sulfuric acid and sulfonic acid. The reaction times are much longer than the 
base catalyzed reaction but it also gives greater yields. For complete conversion 
the reaction time can vary from 48 to 96 hours depending on the reaction 
conditions [4]. Higher temperatures and pressures are required over the use of a 
base catalyst. They also require a high ratio of alcohol to oil, as great as 20:1. 
One possible process scheme is the pretreatment of oils with high free fatty acid 
content with an acid catalyst. Pretreatment of the oil with an acid catalyst can 
reduce the free fatty acid content to less than one percent. The result is a 
mixture that is more suitable for base catalysis.
2.3.3 Enzymatic Transesterification
Lipase from a number of different sources has been used to catalyze the 
transesterification reaction. Lipase is present in living organisms and its function 
is to hydrolyze triglycerides [11]. They exhibit activity in both the esterification 
and transesterification reactions. They do not lead to side reactions as in the
12
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case of base catalysts. The enzymes have a broad specificity and can accept a 
variety of acyl acceptors and triglycerides. They do not hydrolyze esters as in 
the case of base catalysis. This is an advantage over the use of base catalysts 
because they have the functionality to work on oils with high free fatty acid 
content. The use of lipase producing cells has been investigated. Studies show 
that Rhizopus oryzae cells can be immobilized on polyurethane biomass support 
particles to produce lipase and catalyze the transesterification of soybean oil [12].
One of the more common supported enzyme catalysts is Novozym 435. 
This catalyst is comprised of lipase derived from Candida Antarctica and is 
supported on a macro porous resin. Novozym 435 has shown to be an effective 
catalyst in the transesterification of olive oil, soybean oil, sunflower seed oil, and 
used restaurant grease. Lipase from other bacterial sources such as 
Rizhomucar miehei, Chromobacterium viscosum, Candida rugosa, and 
Pseudomonas cepacia were also studied as catalysts in the transesterification of 
triglycerides. In the case of the transesterification of triolein with butanol, 
Pseudomonas cepacia was shown to be the most effective. One hundred 
percent conversion was achieved after a reaction time of 6 hours [11]. Studies 
on the transesterification of jatropha oil using lipase from Chromobactierum 
viscosum gave yields of 62% conversion after 8 hrs at 40°C [9]. Lipase exhibits 
significant activity at 40°C and higher, and at atmospheric pressure.
The type of enzyme and how it is prepared is an important factor for an 
effective catalyst. A significant advantage is gained when the enzyme is 
immobilized. This can increase the economic feasibility of the process since the
13
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catalyst can be reused over a number of batches. Studies also show an increase 
in the yield as in the case of the transesterification of Jatropha oil by immobilized 
lipase from Chromobactierum viscosum. The amount of buffer present during 
lyophilization also affects the activity of the enzyme. Another study shows 
increases in yield when Novozym 435 is incubated in methyl oleate and soybean 
oil [13]. The authors found that incubating the catalyst in methyl oleate for half 
an hour followed by 12 hours in soybean oil could increase the yield by 10 
percent after allowing it to react for an hour.
The reaction conditions greatly affect the activity of enzyme catalysts. The 
catalyst works best at atmospheric pressure and has the highest yields in the 40- 
60°C temperature range. Temperatures below this result in low yields, and high 
temperatures result in enzyme deactivation. Enzymes have the ability to 
catalyze the reaction in both aqueous and non-aqueous mediums. As in the 
case of base catalysts, water present in the reaction medium leads to problems.
In the case of Novozym 435 water decreases the rate of the transesterification 
reaction. Methanol present in excess inhibits the activity of the enzyme [13].
One solution to this problem is the stepwise addition of methanol. Methanol is 
added in incremental amounts as it is consumed by the reaction. A 
stoichiometric ratio of 3:1 alcohol to triglyceride must be maintained.
Use of enzyme catalysts also offers advantages in the separation and 
purification of the final product. If the enzyme is immobilized, it can easily be 
separated from the reaction mixture unlike homogeneous catalysts. They do not 
contribute water to the mixture as in the case of acid and base catalysts.
14
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Because lipase does not create soap, the separation of the glycerol and fatty 
acid ester layers is simplified. However, deactivation of the catalyst can occur 
due to glycerol adsorption. Another disadvantage of the use of enzymes is their 
high production cost. This is the primary factor that makes it unattractive. 
However enzymes can be reused. Novozym has been successful in making 
other enzyme based processes economically attractive by reducing enzyme 
overall costs.
2.3.4 Solid Catalysts
In the attempt to reduce the problems with separation and soap formation, 
some non-enzymatic heterogeneous catalysts have been investigated. Zr02, 
ZnO, S042'/Sn02, S0427Zr0 2, KNO3/KL zeolite and KN03/Zr0 2 are some solid 
catalysts that were studied in the transesterification of palm and coconut oil [10]. 
The reaction was carried out at 200°C, 50 bar, 3 weight percent catalyst, and a 
6:1 molar ratio of methanol to oil. All of the solid catalysts exhibited some activity 
for both palm and coconut oil. The sulfonated metal catalysts gave the highest 
fatty acid methyl ester yields overall. Zr02 gave an 86.3% yield for coconut oil 
and 90.3% yield for palm oil. The study shows that S0427Zr02 is deactivated 
quickly but can easily be regenerated.
Other sulfonated solid catalyst can be used to catalyze the 
transesterification reaction. Recently, one of the more interesting sulfonated 
solid catalysts is derived from amorphous carbon [14]. Carbon rings present in
15
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compounds such as starches and sugars provide a large number of sites 
available for sulfonation. Studies were performed using glucose and sucrose as 
carbon sources. The carbon source was pyrolyzed at low temperatures resulting 
in carbon rings. The sheets were then sulfonated by sulfuric acid. The result is 
an inexpensive solid catalyst that has properties similar to Nation. The authors 
show that it is an effective catalyst for the esterification of oleic and stearic acid. 
They claim an activity greater than half that of sulfuric acid and greater than 
regular solid catalysts at 80°C. This catalyst offers an inexpensive alternative to 
immobilized enzyme catalysts
2.4 Acyl Acceptors
The most common acyl acceptor is a short chain primary alcohol.
Methanol and ethanol are the most common. Methanol is most often used due to 
its availability and low cost; therefore the fatty acid methyl ester is the primary 
source of biodiesel. One of the most important factors in the process is the 
molar ratio of alcohol to triglyceride. The transesterification reaction is reversible 
and LeChatelier's principle can be applied. An excess amount of alcohol drives 
the reaction towards the formation of the monoalkyl ester and glycerol. The 
reverse is also true. In the base and acid catalyzed process, the alcohol 
concentration does not affect the catalyst. When large ratios are used, the 
solubility of glycerin in the oil layer increases and drives the reaction in the 
reverse direction. It also complicates the removal of glycerol from the final
16
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product. One can conclude from this that there is an optimal ratio of alcohol to 
oil. The type of acyl acceptor has a significant effect on yield due to their 
different properties. When methanol is used as the acyl acceptor, the separation 
of the glycerol and biodiesel phases occurs easily. Ethanol has the tendency to 
form a more stable emulsion and affects the kinetics of the reaction due to mass 
transfer limitations [6]. An alternative to the use of short chain alcohols is 
methyl acetate. Methyl acetate reacts with the triglyceride by a similar 
mechanism as shown previously. Methyl acetate donates an acetyl group to the 
glycerol backbone in each step of the overall reaction. The end product is the 
methyl ester and triacetylglycerol [15]. Recent studies show that the kinetics of 
the reaction with Novozym 435 as the catalyst is slower in the case of methyl 
acetate but inhibition is not present. This is due to the formation of 
triacetylglycerol, which does not inhibit the enzyme as glycerol does.
2.5 Solvents
A number of studies report the transesterification of triglycerides in the 
presence of organic solvents. This is the most common method as it eliminates 
problems due to poor miscibility between triglycerides and alcohols. The 
immiscibility is due to the large differences in size and polarity. Solvents such as 
toluene, benzene, and hexane have been successfully used with a number of 
different plant oil sources. The transesterification of palm oil in toluene with 
sodium methoxide gave 96% conversion after sixty seconds for a methanol to oil
17
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ratio of 13:1 [6], Benzene gave similar results but the yield was slightly lower. 
The use of solvents is not desired due to added production costs and more steps 
required for separation and purification of biodiesel.
Another solution to this problem is the use of supercritical fluids. In the 
supercritical region, the triglyceride and alcohol exist in a single phase. This 
method has several advantages over the use of a conventional organic solvent.
If supercritical methanol or ethanol is used, then a single phase exists and no 
catalyst is required. The transesterification reaction is able to take place in a 
single phase. Unreacted alcohol can be removed by evaporation. Studies on 
the transesterification of sunflower oil in supercritical methanol (400°C, 200 bar) 
report yields as high as 96% after 40 minutes of reaction time [16]. The authors 
also report higher yields with ethanol due to similar solubility parameters between 
ethanol and the oil. The use of supercritical carbon dioxide with Novozym 435 as 
the catalyst was also investigated. Yields of 23 and 27 percent for methanol and 
ethanol were reported after 6 hours. One major disadvantage is the energy 
required for the process. The reaction times in supercritical methanol are short 
but this method requires extreme temperatures and pressures as compared to 
the conventional base catalyzed reaction.
It is more economical to carry out the reaction in the absence of a solvent. 
Less energy is required in the purification of the fatty acid esters. In the case of 
methanol and triolein, increasing the temperature can also enhance the 
miscibility. At higher pressures the miscibility is a stronger function of 
temperature. In the absence of a solvent, the miscibility of the triglyceride and
18
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alcohol can be increased by adding a co-solvent such as tetrahydrofuran, 1-4 
dioxane, and diethyl ether [17]. The result is a single phase system rich in oil. 
This significantly increases the reaction rate and the corresponding yield. This is 
the method currently used in large-scale production of biodiesel.
An alternative to the use of a co-solvent is ultrasonic energy. Ultrasonic 
energy can improve miscibility by disrupting the phase boundary. Bubbles 
formed from cavitation collapse at the interface and provide a mechanism to 
provide better mixing. A recent study shows that ultrasonic energy can be 
effectively used to overcome immiscibility problems in the transesterification of 
vegetable oil [4]. The authors used sodium hydroxide as a catalyst and 
methanol, ethanol, n-propanol, iso-propanol, n-butanol, iso-butanol, and tertiary 
butanol as the acyl acceptors. Ultrasonic baths operated at 28 and 40 Hz 
agitated the reaction mixtures. They found that ultrasonic energy significantly 
increased the yield of methyl esters, ethyl esters, n-propyl esters, and n-butyl 
esters. They believe this is due to the increase in mass transfer due to the 
ultrasonic energy. As the frequency of ultrasonic source is increased, the 
reaction time is shorter but the yield is decreased. At higher frequencies more 
soap is formed due to the increased mass transfer.
Recent studies show that enzymes can be effective catalysts in the 
absence of a solvent. Immobilized lipase from Rizhomucar miehei, 
Thermomyces lanuginosus Candida anarctica, and Pseudomonas cepacia were 
shown as effective catalysts in the transesterification of triolein and soybean oil 
[11,18]. Methanol, ethanol, propanol, and butanol successfully reacted with
19
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Thermomyces lanuginosus, and Pseudomonas cepacia as the lipase sources. 
At 50°C nearly 100 percent conversion of alcohol was achieved for both 
Thermomyces lanuginosus, and Pseudomonas cepacia.
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3.1.1 Lipase Catalyzed Reaction
Lipase B from Candida Antarctica adsorbed on macroporous resin was 
purchased from Sigma-Aldrich (St. Louis, MO). The activity was greater than or 
equal to 10,000 units/gram. Approximately 65 weight percent triolein balance 
linoleic was also purchased from Sigma-Aldrich. This was used because its 
composition was known. Hannaford brand olive oil was also available as a 
source of triolein. HPLC grade methanol purchased from Sigma-Aldrich and 
USP grade ethanol were the alcohols used in the reaction. HPLC grade hexane 
and anhydrous octane, and heptane were used as a solvent in the experiments. 
Octane and heptane were obtained from Dr. Weisman’s lab at the University of 
New Hampshire. Pure methyl acetate purchased from Acros Organics was used 
both as a solvent and as an acyl acceptor.
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3.1.2 Sugar Catalyst Synthesis
An alternative catalyst was produced first by pyrolizing sucrose and then 
sulfonating it. The sugar catalyst was made from table sugar purchased at a 
grocery store. Sucrose was placed in test tubes in a tube furnace and was 
heated to 375°C for a period of 15 hours. The result was a black powder, which 
was ground using a mortar and pestle. The black powder was combined with 
150 mL of 96 wt% sulfuric acid and was heated to 150°C for 15 hours. The 
solution was then vacuum filtered using glass wool filters. The solid was washed 
with distilled/deionized water until the pH of the wash water was near neutral.
3.2 Analytical Method
The transesterification reaction was monitored using a HP 5890 
gas chromatograph. A 15 meter RTX-1 column with an inner diameter of 0.32 
mm and a film thickness of 3 microns was used in the analysis. A flame 
ionization detector was used to analyze the samples and its temperature was set 
at 200°C. The temperature of the injection port was set at 200°C and the oven 
temperature at 185°C. This method gave the best possible separation. The 
volume of the sample injected into the column was 0.5 pi. Each run took 
approximately an hour to complete depending on the reaction of interest. 
Standards of triolein, methyl oleate, ethyl oleate, and oleic acid were purchased 
from Sigma-Aldrich. They were used to determine retention times for the 
compounds of interest and to establish calibration curves.
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In all the runs, the yield of methyl or ethyl ester of the fatty acid 
constituents of the triglyceride was determined. From the calibration curves, 
areas were determined with Origin 5.0. For a given sample size p, y grams of the 
appropriate solvent were added for dilution. The weight percentage for the ester 
of interest in the mixed sample, co, could be determined from the calibration curve 
for that ester and the determined area. The weight percentage of the ester of 
interest in the bulk solution, k ,  is given by
k = co(fi + y )lfi (3.1)
The amount of the ester in solution is equal to the weight percentage in 
the bulk solution multiplied by the mass of the bulk solution. The yield was 
calculated from the following equation
Yield — (Mestert -Mestert_0 )/M triolein (3.2)
where M denotes the mass of the component of interest. Solvent evaporation 
was taken into account from the mass of the bulk solution.
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3.3 Experimental Setup
3.3.1 Transesterification Reaction
Yields of transesterification reactions were studied in batch reactors. 
Initially a stainless reactor was used. It consisted of 0.5 inch ID stainless steel 
tubing with Swagelok compression fitting at both ends. A diagram of the reactor 
is shown in Figure 3.1. This reactor was used in the split plot design and runs 
carried out at high temperatures.
K H
—r "  it  ~~n
3"
Figure 3.1. Diagram of stainless steel reactor.
Other runs in the study were carried out in a 40 ml_ glass vial with a screw 
top cap and septum. The septa consisted of a 3 mm silicone rubber layer with a
0.13 mm PTFE layer on top. The reactor was placed in a shallow water bath in a
24
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Pyrex beaker. The agitation speed and water temperature were controlled using 
a VWR scientific Series 400HPS hot plate and stirrer. A 10 mm diameter dual 
crosshead stir bar placed in the vial was used to stir the solution.
3.3.2 Ultrasonic Agitation
To study the effect of ultrasonic agitation on yield, the glass reactor was 
suspended in an ultrasonic bath. A Branson 3200 operating at 50 kHz provided 
agitation for the reaction. A Fisher Scientific isotemp refrigerated circulating bath 
Model 9100 was used to maintain the temperature of the water at 40°C.
3.3.3 Sugar Catalyst Synthesis Configuration
A catalyst derived from amorphous carbon was made from sugar. The 
sugar was pyrolyzed in a Lindberg tube furnace model 55312-3 at 375°C for 15 
hours. The temperature was controlled using a Lindberg 58114 temperature 
controller. The product from pyrolysis was amorphous carbon, which was 
sulfonated in a 500 mL round bottom distillation flask held at 150°C for 15 hours. 
The same temperature controller was also in the sulfonation portion of the 
process. The sulfonation took place under total reflux with vapors condensed by 
circulating water through a condenser.
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3.4 Reaction Procedure
A split plot design was used to determine the effects of temperature, 
catalyst amount, methanol to triolein molar ratio, and agitation speed on the yield 
of methyl oleate. In this experiment one mL of the 65 wt% triolein solution was 
solvated into 4 mL of hexane. The experimental conditions were set depending 
on the run. The split design consisted of two whole plot factors temperature, 
and agitation speed. These were chosen since they had the constraint of only 
being able to be set at one level throughout the reaction period. At the split plot 
level a factorial design was employed with varying combinations of the amount of 
methanol, and Novozym 435. Table 3.1 summarizes the levels and 
combinations of treatments used. The reaction time was 24 hours.
Table 3.1. Summary of split plot experiment.
Temperature (°C) RPM Methanol:Triolein Novozym 435 (U)
40 100 3 500
40 100 3 1000
40 100 8 500
40 100 8 1000
40 400 3 500
40 400 3 1000
40 400 8 500
40 400 8 1000
60 100 3 500
60 100 3 1000
60 100 8 500
60 100 8 1000
60 400 3 500
60 400 3 1000
60 400 8 500
60 400 8 1000
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To study the effect of the solvent, the reaction was carried out in different 
organic solvents. One milliliter of the 65 wt% triolein solution was combined with 
4 mL of the solvent of interest. Hexane, octane, heptane, and methyl acetate 
were the solvents used. Ethanol, methanol, and methyl acetate were used as 
the acyl acceptors in the reaction. From the results of Sanchez [1] and the split 
plot design, an 8:1 stoichiometric ratio of methanol to triolein was used in all of 
the reactions. Runs using ethanol and methanol were conducted with and 
without a solvent. The volume of methyl acetate added was 4 mL. 500 units of 
Novozym 435 were added to the mixture in the glass vial. The temperature of 
the water bath was maintained at 40°C throughout the experiment. The solution 
was agitated by means of a stir bar rotating at 400 rpm. Samples were taken 
initially and every two hours afterward until a final reaction time of 6 hrs.
The transesterification reaction was also carried out in the absence of an 
organic solvent. One mL of the 65 wt% triolein solution was combined with an 
8:1 stoichiometric amount of methanol or ethanol to triolein. 500 U of Novozym 
435 was then added to the mixture. This was based on the activity of the catalyst 
which was 10,000 U per gram of catalyst. To study the effect of mechanical 
agitation the reaction was carried out at 40°C and 400 rpm on the stirrer/hot 
plate. The effect of ultrasonic agitation was also determined by carrying out the 
reaction in an ultrasonic bath maintained at 40°C. Samples were taken every 
two hours until a final time of 6 hours.
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3.4.1 Sugar Catalyst Reaction Procedure
Transesterification reactions were carried out using the sulfonated 
amorphous carbon catalyst. One mL of the 65% triolein was combined with an 
8:1 stoichiometric amount of either methanol or ethanol to triolein. Separate runs 
were also conducted using 1 mL of olive oil, and raw olive oil. Runs were also 
performed using 33 pL of oleic acid and 44 j^L of methanol. 4 mL of hexane was 
added as the solvent. Approximately 0.05 g of the sugar catalyst was added to 
the solution. The reaction was carried out at 40°C and 400 RPM. Some 
reactions were carried out at 85°C. Runs carried out at the higher temperature 
required the use of the stainless steel reactor to prevent explosions. Samples 
were taken initially, and after 2, 4, 6, and 24 hours of reaction time.
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In this thesis the transesterification of triolein was studied. The objectives 
were to
1. Identify the optimal conditions for the lipase catalyzed transesterification of 
triolein.
2. Identify interactions between process conditions.
3. Determine the effect of various paraffinic solvents on the yield of 
monoalkyl esters at the optimal conditions.
4. Perform feasbility studies to determine if methanol, ethanol, and methyl 
acetate are suitable acyl acceptors.
5. Determine the effect of solvent-free methanolysis and ethanolysis of 
triolein using both ultrasonic and mechanical agitation.
6. Perform feasibility studies to determine the activity of a new sugar 
catalyst.
These objectives were achieved by carrying out the reaction under various 
conditions and monitoring the yield of the corresponding monoalkyl ester. A split
29
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plot design was employed to determine the optimal conditions based on the 
various process conditions. Once these were obtained, the effect of solvent or 
absence of a solvent on the yield was determined. Finally sulfonated amorphous 
carbon catalyst was synthesized and reactions were carried out using the optimal 
conditions determined for the Novozym 435 catalyzed reaction.
4.2 GC Analysis
The yield of methyl and ethyl oleate by transesterification from triolein was 
the kinetic parameter of interest in this thesis. The amount of the monoalkyl 
ester was determined using gas chromatography. Previously the analytical 
method involved the use of HPLC [17]. There were several motivating factors to 
switch to gas chromatography. One problem with the HPLC analysis was the 
resolution of the data. Resolution is determined by the width of the peaks and 
the distance between them. The resolution improved significantly through the 
use of gas chromatography. In the HPLC analysis, the conversion of triolein was 
the main kinetic parameter studied. The product of interest in the experiments is 
the monoalkyl ester. Total conversion of triolein may not necessarily mean 
complete conversion to the monoalkyl ester. An example of this is the hydrolysis 
of the ester. If water is present in solution it can react with the monoalkyl ester to 
yield an alcohol and a fatty acid thereby reducing the yield of ester. Even though 
all of the triolein is converted it doesn’t necessarily mean that all of it is converted 
to the monoalkyl ester. Another problem with the use of HPLC is the high-grade
30
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solvents needed to elute the sample through the column. The method utilizing 
gas chromatography focuses on the yield of the monoalkyl ester rather than the 
conversion of triolein. Several factors were taken into consideration when 
developing the gas chromatography analytical technique. Good resolution and 
separation of products were the primary objectives when developing the method. 
Once this was achieved, retention times were determined using standards. From 
the chromatogram, the area of the ester peak was determined and the 
composition of the sample calculated from the calibration curve. From this the 
yield of the ester of interest was determined for the given reaction parameters. 
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Figure 4.1 Chromatograms demonstrating methyl oleate formation
By the use of calibration curves found in Appendix 1 and Figure 4.1 one 
can see that methyl oleate is clearly formed as time progresses. The ordinate 
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large peak is the solvent and all of it passes through the column within a few 
minutes. The large peak seen at approximately 31 minutes is methyl oleate, 
which is the monoalkyl ester product from the methanolysis of triolein. The other 
peaks present are most likely intermediates in the reaction including the mono 
and diglycerides of triolein, which are glycerol mono-oleate and glycerol dioleate. 
They could also be palmitic or linoleic acid or the desired methyl esters. In any 
case, the methyl oleate peak is the one of interest because it is the desired 
product. With this configuration and method, any alcohol present in the reaction 
mixture elutes out the column with the solvent due to its relatively high volatility 
compared to fatty acids and triglycerides.
Depending on the acyl acceptor that is used, the monoalkyl ester formed 
via transesterification differs. Figure 4.2 displays some sample chromatograms 
used to demonstrate the formation of ethyl oleate. Calibration curves used to 
determine ethyl oleate concentrations are available in the appendix. The 
chromatograms displayed in Figure 4.2 are from the ethanolysis of triolein in the 
absence of a solvent.
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Figure 4.2. Chromatograms demonstrating ethyl oleate formation.
Initially no peaks are present but as the reaction progresses the area of 
ethyl oleate increases indicating the formation of ethyl oleate. Of all the fatty acid 
esters analyzed methyl and ethyl oleate gave the best response. Initially runs 
were performed with the injector and detector temperatures set at 200°C. They 
were both increased to 275°C, which improved the resolution. This also 
improved the accuracy of the calculations because the peaks were closer to a 
Gaussian distribution. However the increase in temperature did not affect the 
yield.
Sanchez showed that the final conversion or yield of product is not 
significantly affected over the temperature range 40-60°C, is independent of 
catalyst mass above 500 U/mL oil, and is highest at a methanol to triolein ratio of 
8:1. Table 4.1 shows the conversion of olive oil for reaction times greater than 
20 hours. The asterisk denotes methanol is added in a stepwise fashion and the
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first number is the number of steps. The data show that the final conversion is 
independent of temperature and the methanol to triolein ratio. The data show 
that the final conversion is independent of the manner in which methanol is 
added. The conversions vary to some degree but are not significantly different. 
A shorter reaction period was more meaningful to evaluate the effect of various 
reaction parameters on product yield. Also triolein was used as a model 
compound to investigate the reaction.









40 100 500 4:1 24 60.2
40 100 500 6:1 23 80.3
40 100 500 8:1 23 81.0
40 100 500 2*4:1 23 87.3
40 100 500 4*2:1 23 82.4
60 100 500 8:1 24 93.1
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4.3 Split Plot Design
A split plot design was employed to determine the effects of various 
reaction conditions on the Novozym 435 catalyzed transesterification of triolein. 
These include the methanol to triolein ratio, temperature, agitation speed, and 
catalyst mass. Previous work focused on a parametric study to determine the 
optimal reaction conditions of the transesterification of olive oil. The primary goal 
of this design was to determine if any interactions were present among the 
parameters of interest. Previous work only focused on manipulating a single 
variable at a time; therefore interactions could not be determined. In previous 
studies there were problems with hexane evaporation. In order to overcome this 
problem the reaction was carried out in a sealed stainless steel reactor. A 
reaction time of 24 hours was chosen because data from earlier studies showed 
a maximum conversion at this time. After 24 hours the yield did not increase 
significantly. The calculated yields of methyl oleate using the stainless reactor 
after 24 hours for different reaction conditions is shown in Table 4.2
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40 100 3 500 0.187 0.183
40 100 3 1000 0.155 0.139
40 100 8 500 0.220 0.212
40 100 8 1000 0.260 0.241
40 400 3 500 0.156 0.170
40 400 3 . 1000 0.521 0.392
40 400 8 500 0.328 0.345
40 400 8 1000 0.348 0.373
60 100 3 500 0.271 0.243
60 100 3 1000 0.154 0.127
60 100 8 500 0.209 0.231
60 100 8 1000 0.146 0.204
60 400 3 500 0.179 0.163
60 400 3 1000 0.254 0.307
60 400 8 500 0.215 0.193
60 400 8 1000 0.235 0.393
JMP IN 5.1 was used to analyze the results. A ‘p’ value of 0.05 
corresponding to a 95 percent confidence interval was used to determine the 
significance of effects and interactions. The JMP report in the appendix shows 
the split plot model fit to the data. The model separates the effect of various 
reaction parameters and a term is determined for each parameter and every 
possible interaction. The result is a model that can be used to determine the 
yield based on various reaction conditions within the experimental region. The 
analysis of variance for the data showed that a model could be constructed. If 
the variance is too large the effect of the conditions cannot be separated but that 
was not the case in this experiment. The model shows some interesting results 
that are contrary to the transesterification of olive oil [1]. Some of the reaction
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parameters thought to be insignificant are significant in this experiment. This is 
most likely due to different reactor configurations. Sanchez used a glass vial, 
while this design utilized stainless steel reactors. The stainless steel reactor is 
narrower than the glass vial affecting the agitation rate. The model shows that 
temperature, agitation speed, and catalyst mass are significant. The methanol to 
triolein molar ratio was not found to be significant. In prior studies agitation 
speed was not found to be significant [1]. Some two way interactions that were 
found to be significant are the temperature over ratio, temperature over catalyst 
mass, and RPM over catalyst mass interactions. Two way interactions indicate 
that the effect of a single variable on the yield of methyl oleate depends on the 
value of the other variable involved in the interaction. The catalyst mass over 
agitation speed interaction could be seen visually. When the catalyst mass was 
set at 1000 U/mL oil and the agitation speed was set to 400 RPM, after 24 hours 
the mixture became cloudy. Initially it was thought that water was formed 
thereby creating an emulsion. However the cloudiness disappeared after settling 
indicating that Novozym 435 was pulverized in the reactor. This did not occur for 
low levels of agitation speed and low catalyst mass. The combination of high 
catalyst mass and agitation speed increased the yield of methyl oleate. One 
interesting point is the significance of a three way interaction between agitation 
speed, the methanol to triolein ratio, and the catalyst mass. Thus the effect of 
agitation speed depends on both the amount of methanol present and the mass 
of catalyst. The effect of a single reaction parameter depends on the level of the 
other two parameters. This is most easily demonstrated by the interaction plots
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shown in the JMP model. Parallel lines indicate that an interaction is not present, 
which means that the effect of a single variable on the yield does not depend on 
the level of the other variable. Based on this experimental region, the model 
predicted the optimum conditions to be 40°C, 0.1 g of Novozym 435, 400 RPM, 
and a 3:1 molar ratio of methanol to triolein to give a yield of 0.465 g methyl 
oleate/g triolein.
Based on the results of the split plot design and Sanchez [1], the optimal 
reaction conditions were determined. A lower temperature is more desirable as 
less energy is utilized in the heating of the reaction mixture. A lower amount of 
catalyst is also desirable because of its high cost as long as the same conversion 
can be attained. For a higher final conversion a greater amount of methanol 
should be used. Therefore, in the experiments performed, the following 
conditions were used: 40°C, 8:1 ratio of acyl acceptor to triolein, 400 RPM, and 
500 Units of catalyst per gram of oil.
4.4 Effect of Solvent
The effect of solvent conditions on the methanolysis of triolein was 
investigated. Hexane, heptane, octane, and methyl acetate were the differenti
solvents considered. Figure 4.3 displays the calculated yield of methyl oleate for 
each solvent over a 6 hour time period.
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Figure 4.3. Effect of solvent on methanolysis of triolein.
Figure 4.3 shows that the yield versus time plot is similar for the three 
paraffinic solvents. The yield increases initially but appears to level off as the rate 
of formation of the product starts to decrease after 2 hours. The yield increases 
with decrease in the molecular weight of the solvent even though hexane is the 
most volatile of the three. In contrast to the paraffinic solvents, the yield with 
methyl acetate as solvent is lower initially and then continues to increase with 
time. Methyl acetate is the smallest solvent molecule used and is also the acyl 
acceptor in the reaction. Thus the rate of product formation with methyl acetate 
as solvent remains high for a longer period of time. The results are examined 
further in Figures 4.4 and 4.5.
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Figure 4.5. Rate of methyl oleate formation for methyl acetate and hexane.
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Figure 4.4 shows that the rate of methyl oleate formation is not a strong 
function of the paraffinic solvent used at long times. The rate of formation at 2 
hours is lowest for the largest solvent used. After 4 hours the rates are nearly 
identical. The choice of solvent only has significance when considering the initial 
rate of reaction.
Figure 4.5 shows that the rate of formation of methyl oleate after 4 hours is 
greater with methyl acetate as solvent compared to hexane. The rate of 
formation for hexane is large initially and decreases as time progresses. The 
rate of formation of methyl oleate when methyl acetate is used as a solvent is 
relatively constant over this time period. After 6 hours, the reaction rates for the 
two solvents are nearly identical. The molar ratio of methanol to triolein with 
hexane as solvent was 8:1. Since methyl acetate was the solvent and acyl 
receptor, the molar ratio of methyl acetate to triolein was kept high at 77:1. It has 
been shown that high molar ratios of methanol to triolein can cause an inhibitory 
effect on Novozym®435. The present data show that methyl acetate can be 
successfully used as both a solvent and as the acyl acceptor for the 
transesterification of triolein. The byproduct from the transesterification reaction 
with methyl acetate is triacetylglycerol. This molecule is larger than glycerol and 
may cause an inhibitory effect on the catalyst causing the reaction rate to 
decrease as it is formed.
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4.5 Methanolvsis in a Solvent Free Media
Methanolysis of triolein was investigated in the absence of a solvent. 
Mechanical stirring and ultrasound was used to agitate the reaction solution. An 
8:1 molar ratio of methanol to triolein was used and 500 units of Novozym 435 
were used in each run. Figure 4.6 shows yield versus time for the different 
modes of agitation. The reaction using hexane as a solvent is included as a 
baseline for comparison.
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Figure 4.6. Yield versus time of methanolysis of triolein in a solvent free
media.
The curves shown in the figure initially follow the same trend as when a 
paraffinic solvent is used. After 4 hours the yield in a solvent free media begins 
to deviate from a paraffinic solvent. Initially the yields for the reactions using no
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solvent are slightly lower than that for hexane. The lower initial yields may be 
due to the presence of an alcohol oil interface. The yield and rate of formation 
increase rapidly after 4 hours when no solvent is present. Figure 4.7 further 
demonstrates this point by showing the rate of formation of methyl oleate as a 
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Figure 4.7. Rate of formation of methyl oleate in a solvent free media 
compared to hexane.
The rate of formation increases for both mechanical and ultrasonic 
agitation. This cannot be attributed to the higher concentrations of triolein and 
methanol since the initial yields are lower compared to hexane. It is surmised the 
methyl oleate acts as a co-solvent and eliminates the oil-alcohol interface. The 
yield after 6 hours is higher in a solvent free media but is lower using ultrasonic
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agitation. Yields and reaction rates using ultrasonic agitation are consistently 
lower than mechanical agitation. This is most likely due to external mass 
transfer. Other studies with soybean oil and sodium hydroxide as a catalyst 
show that initial rates and final conversions are greater when higher ultrasound 
frequencies are used. This is most likely true when Novozym 435 is used as 
well.
4.6 Ethanol as the Acyl Acceptor
The use of ethanol as an acyl acceptor was also investigated. The product of 
interest in the transesterification is the ethyl ester of the fatty acid, ethyl oleate. 
Studies were conducted to determine if using ethanol as the alcohol was suitable 
and what solvent conditions would provide the best yield. An 8:1 molar ratio of 
ethanol to triolein was used in each run. The reaction was carried out in hexane, 
and in the absence of a solvent. Mechanical stirring and ultrasonic agitation 
were the modes of agitation when no solvent was used. Figure 4.8 shows the 
yield versus time for each case.
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Figure 4.8. Ethanolysis of triolein in hexane and a solvent free media.
Figure 4.8 shows that hexane results in the lowest overall yield after 6 
hours. When a stir plate was used with and without hexane the yield continues 
to increase throughout the 6 hour time period. When ultrasonic agitation is used 
the yield increases rapidly initially and starts to decrease after 4 hours. Figure 
4.9 further demonstrates the fluctuation in the reaction rate using ultrasonic 
agitation.
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Figure 4.9. Rate of ethyl oleate formation in hexane and a solvent free
media.
The results shown in figures 4.8 and 4.9 are much different from using methanol 
as the acyl acceptor. The final yields after 6 hours are lower using ethanol as the 
acyl acceptor. Yields using methanol as the acyl acceptor were lower in the 
absence of a solvent than in hexane. When ethanol is used, the initial yields and 
reaction rates in the absence of a solvent are higher than in hexane. The 
solubility parameter of ethanol is closer to the solubility parameter of oil than 
methanol. This may explain why the initial yields in the absence of a solvent are 
higher than hexane. In other words the interface may not have much impact on 
the kinetics of the reaction for ethanol. The final yield using ultrasonic agitation is 
lower than using mechanical agitation. External mass transfer limitations cannot 
explain this difference because the initial yields are higher. The
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transesterification reaction is reversible and a possible explanation is that at high 
yields there is an excess of ethyl oleate, which drives the reaction in the reverse 
direction.
4.7 Feasibility Studies with Sugar Catalyst
The use of a sulfonated solid catalyst for the production of biodiesel was 
investigated. Recent work has demonstrated the use of sulfonated metal 
catalysts in biodiesel production. Most heterogeneous catalysts consist of 
immobilized enzymes. The catalyst studied is derived from sucrose making it 
much less expensive than immobilized enzyme catalysts. Feasibility studies 
were performed to
1. Determine capability to catalyze both transesterification and esterification 
reactions
2. Determine the feasibility of methanol and ethanol as acyl acceptors
3. Determine the capability to utilize different sources of fatty acids and 
triglycerides such as a 65 weight percent triolein, raw olive oil, pure oleic 
acid, and used olive oil.
4. Determine the effect of temperature and mass of catalyst.
Initially runs were performed to determine the activity of the catalyst in the 
methanolysis of triolein. Figure 4.10 shows the yield versus time plot for triolein,
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olive oil, and used olive oil. The reactions were carried out at 85°C using 0.05 g 
of the sugar catalyst. An 8:1 molar ratio of methanol to triolein was used. Two 
hundred microliters of methanol was used for 1 ml_ of both raw and used olive oil 
since their compositions are not known. The yields in all cases are very small 
compared to Novozym 435. The sugar catalyst does seem to exhibit some 
activity to catalyze this reaction but it is very limited. A high temperature was 





- ■ Used Olive Oil 










2  0.001 o>>
0.0005
0 1 2 3 4 5 6 7
Time (hrs)
Figure 4.10. Sugar catalyst methanolysis of triolein and olive oil.
The compositions of the oil sources vary greatly which may explain why 
the yields vary so greatly. Raw olive oil is more comparable with triolein and 
initially the yields are similar. Used olive oil has more free fatty acids than the
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other sources and the curve has a different shape than the others. In all 
cases, the yield of methyl oleate was very small.
Feasibility studies were conducted in order to determine if ethanol 
could be used as the acyl acceptor in the reaction and if so, could the yield be 
improved. As in the case of methanol an 8:1 ratio of ethanol to triolein was 
used. The reactions were carried out at 40°C and 0.05 g of the sugar catalyst 
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Figure 4.11. Sugar catalyzed ethanolysis of triolein.
The yield of ethyl oleate for the sulfonated amorphous carbon catalyzed 
ethanolysis of triolein is very low. The final yield of ethyl oleate is higher than 
the final yield of methyl oleate despite the lower temperature. The yield of 
ethyl oleate could be even greater if the reaction was carried out at higher 
temperatures. Ethanol can be used as the acyl accepter with the sugar
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catalyst but there is a huge gap between the performance of Novozym 435 
and this solid catalyst.
Another feasibility study focused on the use of the sulfonated carbon 
catalyst to catalyze the esterification of fatty acids. Pure oleic acid was used 
as a standard to determine if the sugar catalyst could form methyl oleate 
using methanol as the acyl acceptor. The reactions were carried out at 85°C 
using 31 microliters of oleic acid and 44 microliters of methanol. A high 
temperature was used because previous runs to determine the catalyst’s 
transesterification activity increased with temperature. It was also used to 
determine the range in which the catalyst was effective. The methanol to 
oleic acid molar ratio was approximately 1:1. Figure 4.12 demonstrates 
methyl oleate formation from the esterification of oleic acid. One can clearly 
see the increase in the methyl oleate peak as time passes. A peak at 
approximately 46 minutes appears as well. This is surmised to be water 
since it is also a product of the transesterification reaction.
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Figure 4.12. Chromatograms demonstrating methyl oleate formation by
esterification of oleic acid.
From the chromatograms shown in figure 4.12 it appears that the sugar 
catalyst has significant activity with respect to esterification. Figure 4.13 
shows the yield of methyl oleate versus time from the esterification of oleic 
acid for different catalyst masses.
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Figure 4.13. Yield versus time for esterification of oleic acid.
The yield versus time increases rapidly compared to the transesterification 
reactions. Since only oleic acid is present in the reaction mixture it is clear that 
methyl oleate is formed from this reaction alone. The yield versus time plot for 
0.2 g of sugar catalyst has a similar shape to the transesterification of used oil. 
There is a gradual increase initially and it increases rapidly after 4 hours. It is 
difficult to determine if the activity is similar to Novozym 435 since no data were 
obtained with respect to esterification and Novozym 435. It is clear that the 
sugar catalyst is more suitable for esterification of fatty acids.
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The transesterification of triolein was investigated under various 
conditions. Initially a split plot design was used to determine the significance of 
reaction parameters including methanol to triolein ratio, mass of catalyst, 
agitation speed, and temperature. Catalyst mass, agitation speed, and 
temperature were found to be significant but the methanoktriolein ratio was not. 
Several two way interactions were also significant; the most significant being the 
interaction between the catalyst mass and agitation speed which could be seen 
visually. A three way interaction between agitation speed, the methanol to 
triolein ratio, and the catalyst mass was found significant. Based on the results 
of the split plot design and those of Sanchez [1] experiments were conducted at 
40°C, 500 Units of catalyst per gram of oil, 400 RPM and an 8:1 molar ratio of the 
acyl acceptor to triolein.
Methanolysis of triolein was investigated with various solvents. It was 
determined that there is little difference in the yield of methyl oleate among 
heptane, hexane, and octane during a six hour reaction period. The initial rate of 
formation of product decreases as the length of the molecular chain increases
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despite a decrease in the volatility of the solvent. Runs were performed to 
determine if methyl acetate could be used as an acyl acceptor and as a solvent 
for the reaction. Initial yields were lower using methyl acetate but the yields were 
comparable after 4 hours. Inhibition is clearly present when methanol is used as 
the acyl acceptor. Based on the rate of product formation methyl acetate inhibits 
lipase to a lesser extent compared to methanol. Methanolysis of triolein was 
carried out in the absence of a solvent as well. The initial yield is lower but after 
four hours there is a large increase in the yield and rate of formation of methyl 
oleate. This is attributed to the formation of methyl oleate and its role as a co­
solvent which eliminates the interface.
The ethanolysis of triolein was also investigated in hexane and in the 
absence of a solvent. The results were much different from the methanolysis of 
triolein. The yields and rate of formation of ethyl oleate were consistently higher 
in the absence of a solvent compared to hexane. The final yields after 6 hours 
were lower than those for methanol. The yield versus time behavior for the 
ethanolysis of triolein using ultrasonic agitation is unusual. The yield increases 
rapidly initially and continues to increase until 4hours. After four hours, the yield 
and reaction rate decrease. This only occurs when ultrasonic agitation is used. 
This is surmised to be due to the reversibility of the reaction or side reactions 
occurring that consume the fatty acid ester.
Feasibility studies were conducted in order to determine the activity of 
sulfonated amorphous carbon catalyst. Methanol and ethanol were considered 
as the acyl acceptors and both transesterification reactions yielded their
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corresponding monoalkyl ester. The yields were low compared to Novozym 
435. The sulfonated amorphous carbon catalyst was found to have a much 
higher activity for esterification of oleic acid compared to transesterification 
reactions. Yields as high as 20 percent were achieved after six hours. With 
development, this catalyst could be used to treat oils with high free fatty acid 
content before proceeding with the base catalyzed method.
The project shows some interesting results. Carrying out the reaction in 
the absence of a solvent can significantly improve the economics of biodiesel 
production. Fewer operations would be required for purification of the final 
product. Ethanol as the acyl acceptor can help to make the process more 
environmentally friendly. If ethanol is used as the acyl acceptor then both 
reactants are derived from renewable resources. The sugar catalyst offers some 
hope as well. If yields can be improved so that they are comparable to methods 
using base catalysts, it could be employed on an industrial scale. It can be used 
to catalyze both esterification and transesterification as it is relatively 
inexpensive. This would eliminate operations involved in removing soap and 
purifying the monoalkyl ester.
5.2 Recommendations
Based on the results of the study, several recommendations regarding 
further study can be made. The accuracy of the analytical technique can be 
further improved by using an internal standard. The product of interest is a
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monoalkyl ester, so the internal standard should have a similar structure. 
Tridecanoin, isoamyl salicylate, tricaprylin are some compounds used as internal 
standards in the analysis of fatty acids and triglycerides. Higher detector and 
injection port temperatures should be used as well because most compounds 
analyzed have boiling points over 200°C. The use of a temperature program 
curve with higher oven temperatures could also be investigated. Studies of 
methanolysis and ethanolysis of triolein in the absence of a solvent should be 
further investigated. Quantification of the effect of methyl oleate as a co solvent 
is of interest. Also studies should be conducted to determine if the reaction 
parameters have interactions on the yield in the absence of a solvent.
Development of the amorphous carbon catalyst should be considered. 
The transesterification yields are relatively low compared to Novozym 435 and 
should be improved if possible. The yield from esterification reactions could be 
improved further. Developments could involve studying the effect of the carbon 
source and the pyrolysis and sulfonation conditions. Altering these parameters 
could significantly increase the activity of the catalyst. Also the effect of the 
reaction parameters such as acyl acceptor to triolein ratio, catalyst mass, and 
agitation speed should be determined. There could be interactions present that 
affect the yield of the monoalkyl ester.
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APPENDIX A 


















0 0.005 0.01 0.015 0.02 0.025 0.03
Methyl Oleate Wt Fraction
Methyl oleate calibration curve with FID and injection port set at 200°C
61
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.035
0.03 -







O.OOE+OO 2.00E+10 4.00E+10 6.00E+10 8.00E+10 1.00E+11 1.20E+11
Ethyl Oleate Area
Ethyl oleate calibration curve with FID and injection port set at 275°C
2.50E+11







0 0.01 0.02 0.03 0.04 0.05 0.06
Ethyl Oleate Wt Fraction
Ethyl oleate calibration curve with FID and injection port set at 200°C
62
















20000  - 
0 -
0 10 20 30 40 50 60
Time (mins)






Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX B
JMP-IN REPORT FOR SPLIT PLOT DESIGN
Response Max Yield 
Whole Model 




1 1 1 1 1 1 1------1—
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Root Mean Square Error 0.032755
Mean of Response 0.236664
Observations (or Sum Wgts) 32
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 19 0.22422321 0.011801 10.9998
Error 12 0.01287431 0.001073 Prob > F
C. Total 31 0.23709752 <.0001
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 0.2425864 0.0416 5.83 <.0001
Temperature -0.002769 0.000579 -4.78 0.0004
RPM 0.0002521 0.000039 6.53 <.0001
(T emperature-50)*(RPM-250) -0.000018 0.000004 -4.64 0.0006
Ratio 0.0046693 0.002316 2.02 0.0668
(T emperature-50)*(Ratio-5.5) -0.000596 0.000232 -2.57 0.0244
(RPM-250)*(Ratio-5.5) -0.000013 0.000015 -0.84 0.4173
(Temperature-50)*(RPM-250)*(Ratio-5.5) 6.2204e-7 0.000002 0.40 0.6941
Catalyst Mass 0.705983 0.23161 3.05 0.0101
(Temperature-50)*(Catalyst Mass-0.075) -0.086766 0.023161 -3.75 0.0028
(RPM-250)*(Catalyst Mass-0.075) 0.0101978 0.001544 6.60 <.0001
(Temperature-50)*(RPM-250)*(Catalyst Mass-0.075) -0.000049 0.000154 -0.31 0.7584
(Ratio-5.5)*(Catalyst Mass-0.075) -0.213709 0.092644 -2.31 0.0397
(Temperature-50)*(Ratio-5.5)*(Catalyst Mass-0.075) 0.018068 0.009264 1.95 0.0749
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Term Estimate Std Error t Ratio
(RPM-250)*(Ratio-5.5)*(Catalyst Mass-0.075) -0.003351 0.000618 -5.43
(Temperature-50)*(RPM-250)*(Ratio-5.5)*(Catalyst Mass-0.075) 0.0001212 0.000062 1.96
Replicate -0.006103 0.01158 -0.53
(Temperature-50)*(Replicate-1.5) 0.0008737 0.001158 0.75
(RPM-250)*(Replicate-1.5) -0.000024 0.000077 -0.31
(Temperature-50)*(RPM-250)*(Replicate-1.5) -1.325e-7 0.000008 -0.02
Expected Mean Squares
The Mean Square per row by the Variance Component per column
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These estimates based on equating Mean Squares to Expected Value.
Test Denominator Synthesis
Source MS Den DF Den Denom MS Synthesis
Temperature 0.00107 12 Residual
RPM 0.00107 12 Residual
Temperature*RPM -0.0032 11.991 4*Temperature*RPM*Replicate&Random-3*Residual
Ratio 0.00107 12 Residual
T emperature* Ratio 0.00107 12 Residual
RPM*Ratio 0.00107 12 Residual
Temperature*RPM*Ratio 0.00107 12 Residual
Catalyst Mass 0.00107 12 Residual
Temperature'Catalyst Mass 0.00107 12 Residual
RPM'Catalyst Mass 0.00107 12 Residual
Temperature*RPM*Catalyst Mass 0.00107 12 Residual
Ratio'Catalyst Mass 0.00107 12 Residual
Temperature*Ratio*Catalyst Mass 0.00107 12 Residual
RPM*Ratio*Catalyst Mass 0.00107 12 Residual
Temperature*RPM*Ratio*Catalyst Mass 0.00107 12 Residual
Replicate 0.00107 12 Residual
T emperature*Replicate&Random 0.00107 12 4.4e-5*Temperature*RPM*Replicate&Random+1*Residual
RPM*Replicate&Random 0.00106 12 0.01*Temperature*RPM*Replicate&Random+0.99*Residual
Temperature*RPM*Replicate&Random 0.00107 12 Residual
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Source SS MS Num DF Num F Ratio
Temperature*Ratio*Catalyst Mass 0.00408 0.00408 3.8036
RPM'Ratio'Catalyst Mass 0.03158 0.03158 1 29.4384
T emperature*RPM*Ratio*Catalyst Mass 0.00413 0.00413 1 3.8508
Replicate 0.0003 0.0003 1 0.2777
T emperature*Replicate&Random 0.00061 0.00061 1 0.5692
RPM*Replicate&Random 0.0001 0.0001 1 0.0966
Temperature*RPM*Replicate&Random 3.16e-7 3.16e-7 1 0.0003
Effect Test
Sum of Squares F Ratio DF Prob > F
0.00710218 6.6199 1 0.0244
Denominator MS Synthesis:
Residual
Sum of Squares F Ratio DF Prob > F
0.00075705 0.7056 1 0.4173
Denominator MS Synthesis:
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APPENDIX C
CALCULATED YIELD FROM STUDIES
Yield of methyl oleate in spit plot experiment.
Temperature











40 100 3 500 0.187 0.183
40 100 3 1000 0.155 0.139
40 100 8 500 0.220 0.212
40 100 8 1000 0.260 0.241
40 400 3 500 0.156 0.170
40 400 3 1000 0.521 0.392
40 400 8 500 0.328 0.345
40 400 8 1000 0.348 0.373
60 100 3 500 0.271 0.243
60 100 3 1000 0.154 0.127
60 100 8 500 0.209 0.231
60 100 8 1000 0.146 0.204
60 400 3 500 0.179 0.163
60 400 3 1000 0.254 0.307
60 400 8 500 0.215 0.193
60 400 8 1000 0.235 0.393
Yield versus time for methanolysis of triolein in various solvents.
Time (hrs) 0 2 4 6
Mean Yield in Hexane 0 0.192 0.244 0.286
Hexane Standard Deviation 0 0.013 0.013 0.005
Mean Yield in Heptane 0 0.193 0.226 0.246
Heptane Standard Deviation 0 0.011 0.000 0.001
Mean Yield in Octane 0 0.168 0.215 0.240
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Octane Standard Deviation 0 0.020 0.028 0.008
Mean Yield in Methyl Acetate 0 0.142 0.247 0.290
Yield versus time for methanolysis of triolein in the absence of a solvent.
Time (hrs) 0 2 4 6
Mean Yield with Mechanical Agitation 0 0.187 0.233 0.416
Mechanical Agitation Standard Deviation 0 0.031 0.010 0.009
Mean Yield with Ultrasonic Agitation 0 0.173 0.229 0.344
Ultrasonic Agitation Standard Deviation 0 0.006 0.018 0.013
Rate of methyl oleate formation versus time in various solvents.
Rate at 2 hr (g 
MO/g oil hr)
Rate at 4 hr (g 
MO/g oil hr)
Rate at 6 hr (g 
MO/g oil hr)
Hexane 0.070 0.034 0.028
Heptane 0.063 0.037 0.027
Octane 0.050 0.034 0.026
Methyl Acetate 0.046 0.040 0.031
No Solvent Stir 
Plate 0.061 0.038 0.045
No Solvent 
Ultrasonic 0.056 0.037 0.037
Yield of ethyl oleate versus time under different solvent conditions.
Time (hrs) 0 2 4 6
Mean Yield in Hexane 0 0.072 0.112 0.229
Hexane Standard Deviation 0 0.004 0.063 0.005
Mean Yield, No solvent, Mechanical Agitation 0 0.150 0.259 0.311
Mechanical Agitation Standard Deviation 0 0.011 0.016 0.030
Mean Yield, No solvent, Ultrasonic Agitation 0 0.260 0.390 0.272
Ultrasonic Agitation Standard Deviation 0 0.027 0.021 0.016
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Rate of ethyl oleate formation versus time in under various solvent
conditions
Time (hrs) 0 2 4 6
Mean Yield in Hexane 0 0.024 0.018 0.026
Hexane Standard Deviation 0 0.001 0.010 0.001
Mean Yield, No Solvent, Mechanical Agitation 0 0.049 0.044 0.034
Mechanical Agitation Standard Deviation 0 0.004 0.001 0.003
Mean Yield, No solvent, Ultrasonic Agitation 0 0.085 0.063 0.029
Ultrasonic Agitation Standard Deviation 0 0.024 0.010 0.003
Yield of Ethyl oleate by sugar catalyzed transesterification of triolein
Time (hr) Yield Yield Mean Yield Standard Deviation
0 0.000E+00 0.000E+00 0.000E+00
2 3.584E-03 3.145E-03 3.365E-03 3.103E-04
4 4.669E-03 4.727E-03 4.698E-03 4.049E-05
6 6.088E-03 5.189E-03 5.639E-03 6.359E-04




Mean Yield from 
Used Oil
Mean Yield from Raw 
Olive Oil
Mean Yield from 
triolein
0 0.0000 0.0000 0.0000
2 0.0004 0.0014 0.0017
4 0.0022 0.0015 0.0021
6 0.0034 0.0013 0.0042
Yield of methyl oleate from sugar catalyzed esterification of oleic acid
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APPENDIX D
SAMPLE CALCULATIONS




Methanol 0.07 (44 nL)
Oleic Acid 0.05
Total Initial Mass 3.0
2 hr sample 0.0681
2 hr sample hexane for dilution 0
4 hr sample 0.0909
4 hr sample hexane for dilution 0.082
6 hr sample 0.0741
6 hr sample hexane for dilution 0.2856
b) Sample Calculations 
Total Mass at 2 hr = 3 -  0 = 3.0 grams total 
2 hr Methyl Oleate Area from Origin = 3.40E+09 
Slope from methyl oleate calibration = 2.82E-13
Weight fraction methyl oleate in sample = 2.82E-13*3.40E+09 = 9.59E-04 
Weight fraction methyl oleate in bulk = 9.59E-04*(0.0681+0)/0.0681 = 9.59E- 
04
Methyl oleate mass in bulk = 9.59E-04*3 = 0.00288 g 
2 hr yield = (0.00288 g -  0)/0.05 g = 0.0576
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Total Mass at 4 hr = 3 -  0.0681 = 2.9319 grams total 
4 hr Methyl Oleate Area from Origin = 2.61 E+09 
Slope from methyl oleate calibration = 2.82E-13
Weight fraction methyl oleate in sample = 2.82E-13*2.61 E+09 = 7.37E-04
Weight fraction methyl oleate in bulk = 7.37E-04*(0.0909+0.082)/0.0909 = 
0.0014
Methyl oleate mass in bulk = 0.0014*2.9319 = 0.00411 g 
4 hr yield = (0.00411 g -  0)/0.05 g = 0.0822 
Total Mass at 6 hr = 2.9319 -  0.0909 = 2.8491 grams total 
6 hr Methyl Oleate Area from Origin = 2.64E+09 
Slope from methyl oleate calibration = 2.82E-13
Weight fraction methyl oleate in sample = 2.82E-13*2.64E+09 = 7.45E-04
Weight fraction methyl oleate in bulk = 7.45E-04*(0.0741+0.2856)/0.0909 = 
0.00362
Methyl oleate mass in bulk = 0.00362*2.8491 = 0.01027 g
6 hr yield = (0.01027 g -  0)/0.05 g =  0.205
Rate of Formation Calculations for Transesterification of Triolein in Methyl 
Acetate
a) Raw Data
Data used to calculate rate of methyl oleate formation in methyl acetate
Mass (g)
65 wt% triolein 0.873
2 hr methyl oleate 0.081
4 hr methyl oleate 0.136
6 hr methyl oleate 0.168
b) Sample Calculations
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Rate at 2 hr = 0.081 g methyl oleate/(2 hr * 0.873 g oil) = 0.0461 g MO/g 
oil * hr
Rate at 4 hr = 0.136 g methyl oleate/(4 hr * 0.873 g oil) = 0.0400 g MO/g 
oil * hr
Rate at 6 hr = 0.168 g methyl oleate/(6 hr * 0.873 g oil) = 0.0311 g MO/g 
oil * hr
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